The clinical development of cell therapies is revealing that extracellular vesicles (EVs) may become very instrumental as subcellular therapeutic adjuncts in human medicine. EVs are released by various types of cells, grown in culture, such as mesenchymal stromal cells, or obtained from patients or allogeneic donors. Some EV populations (especially species of exosomes and shed microvesicles) exhibit inherent roles in cell-cell communication, thanks to their ca. 30~1000-nm nanosize and the physiological expression of cellspecific markers on their lipid bilayer membranes. Biomedical engineers are now attempting to exploit this cellular crosstalk capacity to use EVs as smart drug delivery systems that display substantial benefits in targeting, safety, and pharmacokinetics compared to synthetic nanocarriers. In parallel, the development of a set of nano-instrumentation, biochemical tools, and preclinical assays needed for optimal characterization of both naïve and drugloaded EVs is ongoing. Although many hurdles remain, owing to the complexity of EV populations, translation of this "subcellular therapy" platform into reality is at hand and may soon change the landscape of the therapeutic arsenal in place to treat human degenerative and metabolic pathologies as well as diseases like cancer. This article provides objective opinions, balanced between unrealistic hopes of the capacity of EVs to resolve multiple clinical issues and concrete hurdles that have to be overcome to ensure that EVs are not lost in the translation phase, so that EVs can fulfill their promise by becoming a reliable therapeutic modality.
Plain Language Summary
The clinical therapeutic development of cell-based therapy is revealing that extracellular vesicles (EVs) released by various types of cells may become very instrumental in human medicine for various indications. There are extensive studies attempting to use EVs (in particular, species of exosomes and shed microvesicles) as smart drug delivery systems. Although there are several challenges, the wide clinical applicability of EVs is at hand and may soon change the landscape of the therapeutic arsenal in place to treat human diseases like cancer and neurological disorders. This article provides objective opinions, balanced between unrealistic hopes of the capacity of EVs to resolve multiple clinical issues and concrete hurdles that have to be overcome to ensure that EVs are clinically available as a reliable therapeutic modality. The future of EVs as therapeutic medicine holds promise but may comprise complex delivery systems, which need extensive development and optimization approaches and collaboration among academicians, biomedical engineers, clinicians, industry, scientists, and regulatory authorities.
Introduction
Extracellular vesicles (EVs) are subcellular nanostructures, surrounded by a lipid bilayer, likely present in essentially all body fluids, and increasingly recognized as important intercellular vectors of biochemical information. 1 As such, EVs were gradually unveiled as playing important, so far largely ignored, physiological roles in balancing health and the initiation and evolution of pathologic conditions. 2 As their functional importance is being recognized, substantial and rather justified expectations are growing among the scientific and medical communities, as well as the biotechnology and cell therapy industries, that EVs can be turned into therapeutic tools of interest in human medicine. 3 EVs, either in their native state or loaded with therapeutic agents to serve as drug delivery vehicles, are increasingly regarded as being worthy of interest for treating various pathological conditions, such as immune disorders, cancer, inflammatory disorders, and degenerative diseases. 3, 4 EVs can be used as cargo for a variety of functional endogenous and exogenous therapeutic compounds including small molecules, anti-cancer agents, anti-inflammatory compounds, miRNA, mRNA, proteins, and growth factors, etc. Further information on technical achievements and pre-clinical studies performed with EVs as drug delivery system (DDS) of various chemical and biological entities can be found in recent reviews. [5] [6] [7] Owing to their potential therapeutic benefits, there is also now a growing focus in developing scalable production and isolation technologies of EVs from various cell types, with the intent to evaluate their functional activity in in vitro and animal models, as well as now through clinical trials (ClinicalTrials.gov: NCT02565264). 3, 8 Technologies are thus currently being developed to optimize (a) the generation of EVs from various cell types, (b) drug-loading methods and quantification approaches, (c) the design of cost-effective and scalable isolation processes, and (d) methods to ensure the degree of quality, safety, and consistency mandatory for clinical applications. Previous studies of EVs mostly focused on using cells grown in culture. Not surprisingly, specific pragmatic interest for industrial-scale applications exists in the evaluation of EVs generated by various types of mesenchymal stromal cells (MSCs), since clinical-grade ex vivo culture conditions for their expansion are well-established. 9 11, 12 Therapeutic blood cells indeed also constitute an almost ideal "source material" for the production and isolation of clinical-grade EVs, since the collection infrastructure is well established and licensed by competent authorities, 13 and producing EVs from red blood cell (RBC) concentrates and platelet concentrates requires no ex vivo expansion. 3 Multiple types of EV preparations can be translated into clinical products, and depending upon their cellular origin, membrane decoration, and content, EVs from different cells likely exhibit distinct functional and targeting capacities and as DDSs. As hope in the capacity of EVs to be developed as new and moldable therapeutic platforms is growing among the biotechnology and cell-therapy industries, concrete hurdles need to be overcome for consistent and homogeneous EV production for their safe and reliable clinical use. This expert opinion article intends to provide realistic and objective views, balanced between unrealistic hopes in the capacity of EVs to resolve multiple clinical issues and concrete hurdles that have to be overcome in a pragmatic manner to ensure that EVs are not lost in the translation phase, and can deliver on to their promise by becoming proven and reliable therapeutic modalities.
Defining EVs
It is commonly thought that EVs comprise three subcellular populations: exosomes, apoptotic bodies, and microvesicles (MVs).
1 Exosomes are typically characterized by (a) their relatively small dimension of ca. 30~150 nm and (b) their intracellular origin as multivesicular bodies, preexisting within the cellular endosomal system and being expelled from cells. Apoptotic bodies with a size ranging from 100 nm to 5 μm are formed as a result of cytoskeletal breakdown and subsequent cell fragmentation that occurs as an outcome of apoptosis. The third interesting and heterogeneous group is known as MVs, ectosomes, or microparticles, with a size of ca. 50 nm to 1 μm. These are generated by budding from cellular membranes that can be triggered in vivo or in vitro by physiological agonists as well as cellular, biochemical, and physical factors. 3 It is increasingly realized that the classification of EVs into these three categories is oversimplified and will gain in complexity over time as new studies identify multiple subsets among these, both in vivo, depending upon physiological conditions, and in vitro, contingent on culture conditions.
5,14
Development Of EV Products: Process Qualification, Validation, And Consistency Are Key Parameters
As with any complex biologicals that are very challenging to fully characterize only by analysis of the final product, it will be crucial in the case of EVs to ensure an optimal consistency of the various steps in their production process. We have assembled in Figure 1 some of the major production variables already known to influence EV properties. Those variables encompass (a) the cell type (such as the tissue source of MSCs); (b) the cell collection process and/or ex vivo processing or expansion methods including culture conditions (growth medium and supplement used, type of bioreactor, number of passages performed, etc.); (c) the mechanism to trigger EV release; and (d) the EV isolation and storage methods. Variations in these parameters can influence the EV population size, generation (yield/cell), membrane markers, EV contents including miRNAs, and ultimately the purity and safety profile of EVs. 15 Such a situation implies that these factors should be considered from the very early phases (lab-scale exploration) to the development process of EV-based therapeutic products. This also implies that EV manufacturing and scale-up processes should be robust, and thoroughly qualified and validated to identify their impacts on EV consistency, quality, and safety profiles. Key process parameters and their influence on EV products should be checked and monitored during routine production so that the end-product batches have characteristics that remain within pre-established specification criteria for release.
Having well-defined process parameters is also important for tracing any deviation in the specifications of intermediates and final products. Specifications should be tailormade to the cellular source, development parameters, and intended clinical use of EVs (targeted pathology, posology, drug loading parameters, storage conditions, and modes of in vivo administration).
EV Drug-Loading Approaches
Endogenous or exogenous approaches can be used to load therapeutic molecules into EVs. 3 The endogenous method first loads therapeutics into parent cells, followed by the Figure 1 Production variables known to influence extracellular vesicle (EV) properties such as the cell type, cellular origin, cell culture conditions, mechanisms used to trigger EV release, isolation procedure of EVs, and storage conditions. generation and release of loaded EVs. 16 In the exogenous approach, therapeutics or imaging agents are incorporated into isolated EVs through an incubation process. 17, 18 Additionally, there are several other methods used for loading EVs, such as sonication, extrusion, and freezethaw cycles. [19] [20] [21] All of the above approaches depend on various factors which should be taken into consideration to avoid any encapsulation method-based detrimental effects on the EV size, integrity, intrinsic contents, biological properties, or immunogenicity.
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Scalable EV Isolation Modes And Characterization Methods
Isolation methods and equipment processes considered for commercial-scale downstream isolation of EVs from conditioned medium or cell suspensions are most likely going to conservatively follow, at least for the time being, methodologies already well-established in the biotech industry for producing other therapeutic biological products. 24 The production sequence of EVs typically combines low-speed centrifugation to pelletize and remove cells/cell debris suspended in the starting raw material, followed by sequential centrifugation or filtration for clarification. 25 While earlier developed laboratory-scale processes typically used ultracentrifugation at 20,000~100,000 ×g for several hours to pelletize EVs, now concentration by tangential flow-filtration (TFF) followed by size-exclusion chromatography (SEC) is becoming the preferred approach to better preserve the functional activity of EVs. 26, 27 However, one drawback of SEC appears to be the lack of a commercial chromatographic resin best suited to separate the smallest EVs (eg, 20~70 nm) or subpopulation of EVs from high-molecular-weight proteins or lipoproteins originating from cells, biological fluids, or growth medium supplements. 28 This understandably has detrimental impacts on the recovery of the entire population of EVs. In addition, as SEC contributes to diluting the EVs by ca. 2~3-fold, a concentration step by TFF may be performed prior to formulation, aseptic filtration, and filling into the final storage containers. 15, 28 Furthermore, an isolation process based on SEC and TFF may be regarded as time-consuming on a commercial scale. [29] [30] [31] [32] In general, the industrial development of EVs requires high-efficiency, scalable, and translatable isolation techniques compliant with good manufacturing practices (GMPs) and should be selected considering specifications of the biological raw materials and desired attributes of EVs. Detailed descriptions of various isolation techniques are reviewed elsewhere, including their advantages, limitations, and a discussion on involvement of several parameters, 3, 29, 30, 32 and a general scheme of EV production is shown in Figure 2 (reproduced with permission of Agrahari et al 3 )
. Characterization of EVs is based on their origins and types. The current characterization, especially quantification methods, does not necessarily distinguish EVs on the basis of their origin or differentiate them from other similar types of vesicles/particles present in the same sample. Recently, various methods to determine the characterization parameters of EVs such as the size distribution, chemical composition, intrinsic content, and surface markers were reviewed and discussed. 3, 29, [33] [34] [35] As the biotech and cell-therapy industries are increasingly involved in the research and development of therapeutic EV preparations, we believe that is very timely to suggest the strong and rapid involvement of industry suppliers in the development of scalable separation technologies and equipment best suited to EV isolation. Collaboration between academics, EV developers, and biotech industry suppliers should lead to the development of technologies offering optimal upstream and downstream processing approaches that provide good yields and optimal preservation of EVs. The application of scalable single-use technology and closed systems, as increasingly done at the upstream (cell culture) and downstream (isolation) stages for producing monoclonal antibodies, 36 should be of particular interest for processing EVs. Needless to say, as in all fields of the biopharmaceutical industry, all other components (raw materials, equipment, devices, and consumables) used in the manufacturing process or in contact with the product, should be compliant with GMP requirements.
Pathogen Safety
As EVs can be subjected to bacterial aseptic filtration, the most relevant pathogens potentially affecting the safety of EVs are viruses. 3 There are substantial similarities in the biophysical properties of EVs and viruses. Most human pathogenic viruses present in blood and other tissues, such as hepatitis A virus (HAV), parvovirus B19 (B19V), hepatitis C virus (HCV), hepatitis B virus (HBV), human immunodeficiency virus (HIV), cytomegalovirus (CMV), among many, have sizes ranging 20~200 nm, which overlap those of most EVs. In addition, like EVs, the most pathogenic human viruses (HIV, HCV, and HBV) have a lipid hydrophobic coating. Non-enveloped protein-coated viruses exhibit an electric charge that can also lead to copurification and enrichment during EV isolation. For these reasons, there are major risks that any virus present or released by cells into the conditioned medium could be copurified and co-enriched with EVs, making the final preparation potentially infectious. 37 For instance, processes based on centrifugation, ultracentrifugation, SEC, or TFF, 3 which are typically considered for extracting EVs, are unlikely to lead to partitioning from any viruses present. Dedicated purification methods, for instance those based on affinity or ion-exchange capture of EVs, may contribute to virus removal, but there are still limitations in their robustness to ensure consistent clearance of infectious viral particles, and virus removal may be hard to predict; 38 demonstrating or ensuring consistency of virus removal among batches is challenging when using techniques not tailor-made for virus removal. 39 The implementation of currently known virus-inactivation or -removal steps during downstream processing of EVs seems unrealistic and likely susceptible to affecting EV properties and functional performance. Virus-inactivation treatments based on solvent-detergent, caprylic acid, pasteurization (a heat-treatment typically done at 60°C for 10 h), 39 or irradiation, which all are effective methods for inactivating at least some viral types possibly present in protein-based formulations, would most likely lead to detrimental alterations of EVs and/or their loaded contents. 37 Filtration on 15~35-nm-size membranes (nano-filtration) may lead to co-removal of viruses and at least part of the EVs, 40 but also potentially affect a product's physiological properties.
Final product virus testing, eg, by in vitro nucleic acid testing of targeted viruses or cellular assays, have limitations in their abilities to exclude contamination either by known or unknown viruses. Although "next-generation sequencing" may be capable of alleviating some of these technical limitations, for the time being, the best way to ensure virus safety relies on avoiding contamination in the upstream process and through implementation of GMPs. 3 It is currently thought that any allogeneic viral risk potentially associated with EVs is not greater than that of their cellular source, such as MSCs. 37 However, unless a strictly chemically defined medium, free of animal or human material, is used, one obvious potential source of possible pathogen contamination is fetal bovine serum (FBS) or human platelet lysate (HPL) supplements. [41] [42] [43] For this reason, it appears mandatory that EV manufacturers and regulatory authorities scrutinize, through careful risk assessment, these supplements to ensure a sufficient margin of virus safety. In the case of HPL, for which no species barriers for viral transmission exist "vis à vis" expanded human cells or human EV recipients, important complementary safety measures include (a) epidemiological surveillance of the population at national and regional levels, (b) screening procedures of blood donors, (c) testing of donations, and (d) implementation of dedicated pathogen/virus-reduction procedures on starting platelet concentrates and/or during production. 43 In addition, adventitious viral contamination during cell culture or EV isolation cannot be excluded, as was realized in recent years with occasional episodes of virus contamination of biopharmaceuticals derived from genetically engineered mammalian cells. [44] [45] [46] The causes of virus contamination were identified as originating from virus-infected/contaminated cell banks, operator-associated virus contamination, or contamination of raw materials. Preventative measures against adventitious contamination involve viral inactivation of growth media, by high-temperature short-time treatment and ultraviolet-C irradiation. 47 Alternative methods involve medium nanofiltration. Indeed, some nano-filters for virus-filtration processes are used as a medium filter, and some dedicated medium filters are on the market.
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EV Administration Strategies For Enhanced Targeting Potential And Biodistribution
EVs can be administered via intravenous (IV), subcutaneous, intraperitoneal (IP), oral, and intranasal routes to reach the desired in vivo target sites, depending on the intended therapeutic action and tissues to be targeted. Studies using specific labeling/imaging techniques showed that the biodistribution of EVs is determined by the cell source and route of administration, which greatly influence their therapeutic efficacy and safety. 50, 51 In addition, the biodistribution and targeting potential of EVs can be attributed to differences in EV sizes, surface markers, and their isolation methods. Moreover, various routes of EV administration have specific limitations as well as advantages, for example, the short half-life of EVs in circulation after systemic injection is one major limitation of this delivery approach. Imaging of systemically administered luciferase-loaded EVs (generated from HEK293T cells expressing Gluc or GlucB with sshBirA) revealed a half-life of <30 min in most tissues and almost complete clearance by 6 h. 51 In other work, EVs (exosomes generated from melanoma cells) loaded with the luciferaselactadherin fusion protein disappeared very quickly from circulation with a half-life of~2 min. 52 Moreover, the systemic administration of EVs resulted in preferential accumulation in organs such as the liver, kidneys, and spleen. The rapid clearance of EVs from circulation to mainly the liver and spleen was proposed as being driven by the action of macrophages. 53, 54 Still, IV injections of EVs were demonstrated to result in a crossing of the blood-brain barrier (BBB), mainly by transcytosis. 55 In addition, it was described that endothelial cells were able to internalize EVs by mechanisms such as micropinocytosis and clathrin-mediated endocytosis. 55 Other than IV, EVs can also be administered by an IP route, resulting in a lower accumulation in the liver and spleen. 50 IP administration allows the loading of larger EV doses, which may represent an advantage compared to other routes of administration, primarily IV. 56 But, this approach may be invasive and less desirable when repeated/frequent administration is needed. Therapeutic EVs can also be administered orally, which reduces the accumulation of EVs in the liver compared to IV injections. 57 However, orally administered EVs need to be designed to remain stable in the gastrointestinal (GI) environment of low pH, high enzyme activities, and the GI mucus barrier. The intestinal barrier and the microflora are further aspects that EVs need to overcome to reach their target tissues. In this respect, EVs derived from bovine milk were found to remain intact under GI conditions 58 and were shown to escape the intestinal mucosal barrier. 59 The intranasal route is also used 60, 61 and may reduce EV loss when targeting regions in the central nervous system, because it evades intestinal and hepatic metabolism. Using this route, curcumin loaded-EVs managed to induce a significant reduction in the number of activated microglial cells thus revealing this to be an effective carrier method for this anti-inflammatory compound. 61 In addition, the intranasal route is promising for Parkinson's disease (PD) therapeutic approaches, using mice models. 62 Furthermore, compared to IV, intranasal administration of EVs led to enhanced brain accumulation. 63 
Long-Term Preservation And Storage Stability Of EVs
A major challenge for the prolonged clinical applicability of EVs is to establish stable and reproducible storage conditions that do not compromise their therapeutic potential. 29, 64 This requires a systematic understanding of how to best preserve the functions of EVs during storage. Optimizing storage conditions of EVs is thus an area that deserves further investigations prior to moving into clinical phases. In particular, evaluating the effects of various temperature ranges on EV stability and biological activities, as was done in some studies [65] [66] [67] [68] to ensure preserved integrity for therapeutic applications, should be part of any industrial development. A recent review summarized the recommended preservation and storage methods for EVs, 69 and some consensus is emerging towards using −80°C for EV transportation and storage. 70, 71 However, temperatures of around −80°C, may alter the functional activities, while storage at 4°C causes EV damage and aggregation. 72 Although it was reported that EVs are relatively stable after several freeze/thaw cycles, the number of cycles should be as few as possible. 71, 73 Moreover, storage at −80°C poses challenges in transportation and is a costineffective approach.
Alternative methods such as lyophilization may be considered and have been suggested to improve EV stability during storage. However, freezing and dehydration steps may have obvious destructive effects on the morphology of EVs, their surface markers, and their contents. The addition of cryoprotectants (eg sugars, amino acid, etc.), may help preserve EVs and their cargo 69 with good effects found in particular using trehalose. 65, 74 Freeze-drying with a cryoprotectant does not seem to significantly affect EVs, and enzymes within the lyophilized EVs were found to exhibit activity comparable to that of EVs stored at −80°C. 75 However, defining the optimal concentration of cryoprotectants is critical as excessively low concentrations may result in damage during the freezing process, whereas an excess can be toxic. 69 Consideration should also be given to the type of vials, as some materials may affect the integrity of stored EVs through irreversible binding and detrimental impacts on quality and concentration. 8 Use of siliconized vessels and containers throughout purification and storage can help prevent EV adherence and loss onto surfaces. 71 
Possible Treatment Of Cancer And Neurodegenerative Disorders As Primary EV Therapeutic Targets
It is still somewhat premature to predict the primary clinical fields targeted for therapeutic applications by EVs as DDSs. One field of specific interest should be for the treatment of cancers. Interest in the applications of EVs in cancer treatment is supported by several objective reasons. EVs are regarded as being intimately involved into the pathology of cancers, due to their content in prooncogenic protein and nucleic acid components, and they may exert a prometastatic effect. 76 Thus, EVs are key physiologically active bystanders in the tumor microenvironment that can be exploited for designing DDSs using a "Trojan horse" drug delivery approach. Finally the development of EVs as a smart DDS is supported by limitations of currently licensed nanocarriers (such as liposomes), which exhibit a poor targeting capacity towards cancerous tissues, 77 leading to off-target toxicity of vital organs.
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Drug-loaded EVs physiologically decorated with functionally reactive membrane markers are expected to exert preferential tumor-homing capacities and thus to outperform synthetic nanocarriers with limited mean capacities (<1%) 80 as delivery packages to solid tumors. 5, 81 An essential question is the selection of parent cells best suited for clinical-grade EV generation and drug loading. So far, experimental, preclinical, and clinical evaluations involve diverse cellular sources, including dendritic cells, autologous tumor cells, cancer cell lines, ascites, macrophages, and plants. 5, 76, 81 Loaded drugs have included doxorubicin, paclitaxel, curcumin, cisplatin, and methotrexate. 76 Various options exist for drug loading in EVs, as recently reviewed. 3, 7, 82 It is however still unclear whether it will be achievable to achieve a drug loading efficiency equivalent to that obtained with synthetic nanoparticles. Nevertheless, the expected superior targeting ability of EVs might be able to provide advantages in efficacy and reduction in side effects over synthetic nanocarriers. 83 Another emerging area where EVs are being considered for therapeutic actions is neurological disorders. 84, 85 Within the nervous system, EVs can be secreted from one cell to target other cells and the circulatory system to perform multiple functions, 86 proving their ability to diffuse within the CNS. Other potential advantages include the fact that EVs are biocompatible and self-derived, and therefore immunologically transparent. Moreover, EVs such as exosomes have the ability to cross the BBB, [87] [88] [89] and in a recent study, brain endothelial cell-derived exosomes were used as a drug carrier for treating brain cancer. 18 Further, to enhance the targeting ability of exosomes, their surfaces were functionalized with a peptide, which resulted in strong suppression of the inflammatory response and cellular apoptosis in the lesion region. 90 Despite the fact that EVs have enormous therapeutic potential in neurological disorders, 91 there are still challenges with drug-delivery approaches of EVs. The current state of EVs applications in the CNS is still in its early stages, unlike for treating cancer where significant developments have occurred. Unknowns remain with regard to loading doses and administration routes of EVs as DDSs of anticancer agents and therapeutics for neurological disorders, although the development paths traced by synthetic nanocarriers are likely to serve as an initial guide for both aspects. There should be clear guidelines as to the ratio and loading of therapeutics within EVs that are appropriate for these diseases.
Expert Opinion: Roadmap To Avoid EVs Being "Lost In Translation"
There are currently still many uncertainties as to whether or not EVs will turn into the promising advanced therapeutic medicinal products (ATMPs) for which we are hoping and aiming. Only a limited number of clinical trials focused on unveiling the therapeutic benefits of EVs are on-going. 92 Several important questions still need to systematically be addressed, for reliable translation, and the time needed for their resolution will depend upon both technical and regulatory factors, and the professionalism of manufacturers. The range of human cells usable as parent cells for the generation of EVs is wide. It seems reasonable to believe that MSCs, which are currently developed for applications in the cell therapy field, constitute the most obvious candidates for the development of GMP-compliant EV preparations. 92 Such clinical-grade MSCs can already be cultured under upstream processing conditions meeting requirements for therapeutic use and transplantation into patients. As mentioned above, the second pragmatic class of candidates includes blood cells, erythrocytes (RBCs), and thrombocytes (platelets), as well as easily collected or producible biofluids, like plasma or serum, as the infrastructure for their collection is already in place for transfusion medicine. Using EVs derived from dendritic cells has also been clinically evaluated. 93 Regardless of the cellular origin or starting biofluid, conditions to promote sustainable release and productivity of EVs should be established, and robust downstream processes for the isolation of EVs need to be developed, validated, and operated under GMP conditions ensuring safety, quality, and consistency. One can anticipate that, at least initially, generic downstream EV isolation processes, potentially based on a combination of centrifugation, TFF, and SEC, will be proposed and established at a production scale, constituting the core isolation methodology that could be applied to many EV sources as first-generation products. Generic isolation platforms are already in place and approved for some biologicals, such as monoclonal antibodies, and continue to evolve as required for better productivity of advanced generation products.
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As the understanding of the heterogeneity of EVs increases, and as characterization methods become increasingly sophisticated, accrued information on the relationship between EV structure and function will need to be researched. Whether this knowledge will justify the development of highly purified homogeneous EV sub-types for therapeutic use remains uncertain at this juncture. It is also questionable whether it will be clinically justified and economically feasible to implement scalable downstream technologies, likely relying on affinity-based isolation procedures, to isolate homogeneous EV preparations.
EV cell/tissue uptake mechanisms are highly diverse and vary according to the cell type and route of administration. Limitations influencing EV biodistribution through various routes of administration include transport through several specific physical barriers, non-target tissue uptake, immune cell-dependent phagocytosis, and rapid in vivo clearance. These necessitate higher administered doses of EVs to achieve the intended therapeutic effect at the targeted site, which creates a potential major safety issue in clinical applicability of EV-based therapeutics. One possible strategy to overcome this limitation is through functionalization of EVs with ligands specific to surface receptors of targeted tissues. 3, 95 Modifying EVs with CD47 ("don't eat me" signals), may allow them to escape clearance by immune cells. 83, 96 However, detailed investigations are needed in these directions to further test EV stability and any induced damage to EVs or their contents when establishing the optimal route of administration for enhanced targeting potential and clinical translation.
Defining optimized storage conditions that do not affect EV characteristics still requires further research and sufficient quantities of EVs. While EV physical characteristics, such as particle size and protein content, have been focuses of investigation, information on their functional stability remains unexplored, largely due to a Figure 3 Phase-by-phase proposed development of an industrial microvesicle (MV) project and main stakeholders (identified in boxes with a light-blue background). After conducting pilot-scale design and validation of the MV production process at the research and development scale, the MV producer engages a contract manufacturing organization to produce MV batches for clinical trials under investigational new drug status, or equivalent, under supervision of a competent National Regulatory Authority (NRA). Once clinical data are conclusive, the MV producer hires an engineering company specializing in the biotechnology industry, which by closely following the user requirement specifications from the MV producer, can proceed with the conceptual, basic, and detailed design phases of the facility and select suitable equipment from qualified biotechnology industry suppliers. Next, the construction of the facility and the making of equipment go through the qualification phases: design qualification (DQ), installation qualification (IQ), factory acceptance tests (FAT), site acceptance tests (SATs), operational qualification (OQ), performance qualification (PQ), and production of consecutive MV validation batches meeting pre-established quality specifications. Following submission and approval of all the required validation and clinical documentation, the manufacturing site is licensed, and the MV product receives a marketing authorization by the relevant NRA. The MV producer operates the facility under good manufacturing practices (GMPs) and conducts quality audits of the suppliers of raw materials (eg, growth medium; fetal bovine serum, and buffer components) and excipients used during manufacture. The facility is operated under GMPs and is subjected to periodic NRA inspections to maintain manufacturing site license and MV marketing authorization. The MV product is subject to pharmacovigilance, in particular to monitor adverse reactions. Reprinted from of Trends Biotechnol. 37. Agrahari V, Agrahari V, Burnouf PA, Chew CH, Burnouf T. Extracellular microvesicles as new industrial therapeutic frontiers. 707-729. Copyright (2019) 3 . With permission from Elsevier.
Abbreviation: QRM, quality risk management.
lack of appropriate functional assays. Moreover, EVs contain various proteins, lipids, carbohydrates, DNA, and RNA, and currently, optimal storage conditions to preserve all of these components in EVs are unknown. Overall, the eventual capacity to address these critical questions and thereby enhance therapeutic effectiveness will greatly influence the speed of translation of EVbased therapies. Regulators and other stakeholders will play key roles in establishing a reasonable framework defining the safety and quality criteria specifications of EVs for clinical trials and market approval. In the field of regenerative medicine, EVs should be regarded as being a likely safer alternative to cell therapies and a tool to hasten clinical applications for some indications. 97, 98 In contrast, using drug loaded-EVs as DDSs may take more time to establish themselves as realistic and efficient alternative therapeutic options to synthetic nanocarriers like liposomes. Pharmaceutical development phases (especially establishment of optimal drug loading and storage conditions, as well as stability studies) will be time-consuming, and in some pathologies like cancers, will require a large number of patients to establish superiority in targeting and safety profiles compared to existing licensed DDS nanoformulations. Careful design of EV manufacturing facilities and processing equipment is essential, which involves multiple stakeholders including EV manufacturers, equipment and raw material suppliers, and regulatory authorities ( Figure 3 , reproduced with permission of Agrahari et al 3 ).
In conclusion, as the methodologies to characterize EVs and assess their safety and performance in preclinical models are at hand and their advantages and limits better understood, we think that clinical evaluation of naïve autologous or allogeneic EV preparations should be facilitated and encouraged. In order to maximize the intended therapeutic effects of EVs, the future may comprise more-complex delivery systems, such as their encapsulation in another nanoparticlebased delivery system, that are currently extensively developed and can be easily translatable. Though, the evaluation of biological fate of EVs-nanoparticle systems will be critical for their successful translation since nanoparticles in vivo journey can be significantly affected by their physicochemical properties which may also impact the EVs fate. 99, 100 All these evaluations should be made within the framework of a mature regulatory surveillance system that protects patients' safety, and avoids deviations into unproven mercantile clinical applications that would jeopardize the potential and future of EVs as proven therapies.
